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Asymptotic efficiency (high output without droop) was recently reported for OLEDS in 
which a thin emitter layer is located at the anti-node in a resonant microcavity. Here we 
extend our theoretical analysis to treat multi-mode devices with isotropic emitter orienta¬ 
tion. We recover our efficiency equations for the limiting cases with an isotropic emitter 
layer located at the anti-node where output is linear in current, and for an isotropic emitter 
located at the node where output can exhibit second order losses with an overall efficiency 
coefficient that depends on loss terms in competition with a cavity factor. Additional scenar¬ 
ios are described where output is driven by spontaneous emission, or mixed spontaneous and 
stimulated emission, with stimulated emission present in a loss mode, potentially resulting in 
cavity driven droop or output clamping, and where the emitter layer is a host-guest system. 



I. INTRODUCTION 

Efficiency has been important in the development of OLED devices, [l - ^ motivated in part by 
public policy issues including climate change and economic development ^-[7| as well as serving as 
a proxy measure of understanding. Many of the concepts and rationales behind efforts to advance 
OLED efficiency 8Hiril| derive from the well known equation in which external quantum efficiency 
(EQE) of OLED devices is posited to be a product of independent processes; the yield of radiative 
excited state species from charge recombination, times the yield from radiative relaxation, times 


out-coupling. 


Ill ] Yet planar OLEDS, comprising an electroluminescent emitter layer positioned 


between two or more reflective or partially reflective interfaces oriented parallel to each other, are 
surely better described as cavity devices. Therefore it seems reasonable to expect that a more 
detailed model that accounts for the role of the cavity might provide better guidance for the design 
of high efficiency devices. 

We recently reported a theory of OLED efficiency derived from the rate equations for a mi¬ 
crocavity device, along with L-I-V measurements of an OLED showing asymptotic efficiency (no 
droop) above 318 Im/W, and a second OLED at 340 lm/W.[l^ The strategy for reaching ideal 
asymptotic efficiency recommended by our model, and the common feature of these devices, is that 
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the emitter is located at the anti-node in a one wavelength resonant cavity. 

Here we extend onr previous model to multi-mode devices and isotropic emitters, and to guest 
host systems. We recover the efficiency equations of our previous analysis for the two limiting 
cases; (a) an emitter layer at the anti-node where output is dominated by stimulated emission with 
the result that the excited state population is held constant and output is linear in current, and, 
(b) an emitter layer at the node with no losses into stimulated emission modes with the result 
that output is proportional to the excited state population and shows second order losses with an 
overall efficiency coefficient dependent on cavity and other loss terms. 

More complicated behaviors are predicted for devices with the emitter located at the node or at 
an intermediate position, when both stimulated emission and spontaneous emission are available 
in other modes. As power is increased a kind of competition is expected to ensue between second 
order losses in the excited state population and increasing stimulated emission losses to other 
modes. At some power level, output is overwhelmed by second order losses or frozen in all but one 
mode. These behaviors may well be found in the literature, though the latter may be missed when 
a crudely mounted device is inserted into an integrating light sphere. 

In summary, we see that our example devices with emitter located at the anti-node demonstrate 
the efficiency performance predicted by our treatment of the OLED as a cavity device. Ideal 
efficiency may be possible in devices with very high enhancement factors in the output mode but 
only so far as stimulated emission is not significant outside the output mode. It seems that the 
easier road to high efficiency without droop is through device architectures in which the output is 
driven by stimulated emission. 

II. THEORY OF MICROCAVITY OLEDS 

OLEDS made by thin layer deposition are effectively optical cavities in which one of the sev¬ 
eral layers is electroluminescent. Modern devices can have numerous layers including substrate, 
electrodes, charge injection, transport and blocking layers, one or more emitter layers, and optical 
layers such as multi-layer mirrors or photonic crystals. In principle all of the resulting interfaces, 
including the roughly parallel interfaces formed between layers, or with the external environment, 
and even at the sides of the structure, can participate in establishing the mode structure of the 
device, [l^ However, internal layers are usually closely matched in index of refraction so that the 
largest reflectivities occur at interfaces involving the electrodes, optical layers, substrate and envi¬ 


ronment. 
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In bottom emission and top emission devices, the intent is to produce light in a vertical mode 
along the normal to the plane of the device. Light from the vertical mode is expected to exit the 
device through the lower electrode and substrate or through the top electrode, and in either case 
any intervening optical layers. It has long been thought that an important loss mechanism occurs 
when light is generated in non-vertical modes and becomes “trapped” in the device or in wave 


guide modes in the substrate. 


a-liQi] 


In the following we consider a multi-mode device with a thin electroluminescent layer located at 
a position characterized by a factor for stimulated emission and an enhancement (or suppression) 
factor for spontaneous emission. This gives rise to a set of rate equations that we solve for the vari¬ 
ous limiting behaviors of the device including ideal asymptotic efficiency when output is dominated 
by stimulated emission and a new droop mechanism when output is dominated by spontaneous 
emission and losses to other modes increase with power. We then extend the model to a host-guest 
system adding terms for energy transfer from host to guest and a second set of rate equations for 
the guest. 

For a planar microcavity, formed between parallel mirrors with reflectivity i?i and R 2 separated 
by an optical length L(A), the output from R 2 with an isotropic spontaneous emitter at x(A) from 
the origin at Ri is given by 


|F'ca„(A)| 

|^/ree(A)l^ 


2 {1 — R 2 ) 1-|--|-2v^cos(47r2^) 


1 + R^R^ - 2.yRJ^cos{4TT^] 


( 1 ) 


where L(X) and x(A) are calculated as a sum over the index of refraction times the mechanical 

nn 

length for each intervening layer, plus the penetration depth for each reflector. 1 141. 1 15l| With Ri = 1, 


equation ([T|) reduces to 


,(A)|2 2{1 + VR2),, , ,, x(A),, 

— -(1-I-cos(47r——)) 


( 2 ) 


|F'/ree(A)P 1 — ^/R^ '' '' A 

It is readily seen that spontaneous emission is enhanced into this mode when the emitter is located 
at the node, and is completely suppressed for a thin emitter located at the anti-node. For small 
displacements, spontaneous emission rises from zero as the square of the displacement, and simi¬ 
larly, increases as the cube of the thickness. Also, as can be seen in FIG. [1] depicting the output 
from cavities with 90% and 4% exit mirrors, lessening the finesse of the cavity broadens the cavity 
resonance and reduces enhancement. The photon lifetime in the mode, with Ri = 1, is 

2L(A) 


'^cav — 


c(l - R 2 ) 

and for the spectral width of the mode we have Aw = 1 /tc, 


( 3 ) 
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FIG. 1: Spontaneous emission output from a one wavelength cavity, wavelength = 1. 

Classically we can explain suppression of spontaneous emission at the anti-node as cancellation 
by the wave reflected from the mirrors over a total optical distance that is an odd multiple of one 
half wavelength. The situation is different for stimulated emission because the emitted photon 
is in phase with the already existing photon that drove the emission event, and, the interaction 
between the emitter and the electric field corresponding to this photon is at a maximum at the 
anti-node. Q The rate of stimulated emission is therefore at a maximum at the anti-node and at 
a minimum at the node. Thus it is straightforward to make a device in which one or the other is 
favored in the vertical mode. 

Our model for light production from electrical current by an OLED (modeled as an electrolu¬ 
minescent layer in a cavity), is expressed as a set of rate equations for the excited state and photon 


populations. 


17l | For the excited state population we have production from electrical current, losses 


to photon production through stimulated and spontaneous emission into multiple modes, and losses 
to first order non radiative relaxation and second order annihilation and quenching, 
dNeh 

= —^- l^^dk^kl'^eh + : 


dt 


- y^{gkPkNeh + —)Neh - —Neh " i^N\ 

'Pnr 


2 

eh 


( 4 ) 


where is the density of excited state species, 7 is the factor for conversion of charge to excited 
state species, I4 is the active volume, Qk is the coefficient for stimulated emission into mode k, Pk is 
the photon density in mode k, fk is the suppression or enhancement factor for spontaneous emission 
into mode k, Tgp is the free space relaxation lifetime, Tnr is the non-radiative relaxation lifetime 
and K is the coefficient for second order losses including annihilation and quenching. 191 The 
stimulated and spontaneous emission terms are summed over all modes with gk and fk assumed to 
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include constant factors obtained on integrating over emitter orientation. [2C 

For the photon population in each mode k, we have production by stimulated and spontaneous 
emission, and, loss by exiting the cavity, 


dPu fh Pu 

= QkNehPk + —Nek - — 

(it Tgp Tji 


(5) 


where is the cavity lifetime for mode k. Summing over k, and substituting into equation (j^. 
we obtain the simple result that current produces light with first order non-radiative losses and 
second order losses for quenching and annihilation in the excited state. 
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eK 


j Pk Neh ^j2 

j ' k 'nr 


( 6 ) 


The light output in this equation is summed over all modes. We are interested in the partitioning 
of energy between our desired output mode k' and other modes k ^ k', and, other losses terms. 
The loss terms in general are dependent on the excited state population. 

A. Stimulated Emission Devices 


We consider now the case where a thin emitter layer is located at the anti-node for a mode k' 
such that /fc' ~ 0. The steady state solution of the photon rate equation for this particular mode 
gives 

1 


Neh = 


For other modes with 7 ^ 0, we have 


Pk fk 


Qk'Tk' 


Neh 


(7) 


( 8 ) 


Tk Tsp (1 dk^kNeh) 

We see that when light production is driven by stimulated emission, the excited state population 
for the device becomes equal to a constant and losses that depend on the excited state population 
are also constant. External efficiency for this device can be expressed as 


7 


I — Lfc/ -|- A 


(9) 


where A represents the constant loss terms. Stimulated emission devices then are expected to 
exhibit efficiency increasing with power to an asymptote at 7 . Light-current and efficiency data 
measured for the previously reported device 1^ is shown in FIG. [2j 
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(a) Light-Current 



(b) Efficiency 

FIG. 2: Light versus current and luminous efficiency recorded from an OLED with emitter located at the 
anti-node. 


B. Spontaneous Emission and Mixed Operation 


We now consider a device with the emitter located at the node of the vertical mode and assume 
Qk' ~ 0. The steady state solution for the vertical mode gives 


Pu' fk' 

— = —Neh ( 10 ) 

'^k' '^sp 

so that output from pure spontaneous emission is linear in the excited state population. We assume 
that for modes k ^ k', guPk is not large compared to fk/^sp, and so equation ([8]) becomes 


1 


1 Tgp ru! 

1-gkTkj^ — 


Pk^f^ 
Tk fk' 


Pk' 

Tk' 


( 11 ) 
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Substituting into equation ([ 6 ]), we obtain 


-I = Lk> + 


Y _ Ih _ \ 

^ 1 _ UkZkt^ l±k!_\ I 

fy ) j 


k' 


Lk' ^ '^sp Li 

fy '^nr fk‘ 


Kj , Lu! . 


and after some rearrangement we have 


( 12 ) 


r Lk'^2\ fk' 

^k' — ( 7 [Tsp . ) ) . r I ^ 

6 Va Jk' jk' J RL Rsp/Rnr 
where we have introduced a radiative loss term fuL defined as 

r _ _ it. _ 

JRL 2_^ ^ gfcTfc / Ly s 

{Tsp ) 

When the gkPk dependent term in the denominator is small in all modes, the radiative loss 
term approximates a constant. In this region, large fy can drive the overall efficiency coefficient 
in equation (I13p to unity, but we still have second order losses from annihilation and quenching. 

When gkPk is not negligible for some k ^ k', the radiative loss term grows with output as 
l/(l-r). If gkPk can become large compared to fk/Tsp, we have a stimulated emission loss mode 
which locks output from the vertical mode to a constant level and any further increase goes into 
the loss mode. 

For a device with the emitter at an intermediate location so that gk' 7 ^ 0, we have a kind of 
race with each of the modes driven by equation ([ 8 ]), and with second order losses for the device as 
a whole. Large fk' compared to other modes again favors the vertical mode. But, as long as the 
device operates with significant spontaneous emission in the vertical mode, the race finishes when 
the device is overwhelmed by second order losses or becomes locked to one of the other modes. 

All of these loss mechanisms can be mitigated to some degree by a large fk', but not eliminated 
entirely. 




C. Host-Guest Systems 


We now turn our attention to an OLED with a host-guest emission layer where we have two 
systems connected by energy transfer from the host excited state and by re-absorption of photons 
from the host by the guest. Each system can relax, annihilate or quench, and drive output or loss 
modes. The emission lines may be separated, 211] but in a low finesse cavity we might still find 


both species operating under similar conditions. 
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For the host excited state population we modify equation ([!]) to account for transfer from the 
host excited state population to the guest, 

- Y.^gkPkNeh + —)N,h - —N,h 


dt 


~ '^^eh ~ f^HG^ehNc 


(15) 


k 

We write a similar rate equation for the guest excited state population, but driven by the host 
excited state and photon populations, rather than the electrical current, 


dN, 


G 


dt 


KHGNehN% + Y, <^kPkN^G - Y^dgPgNh + 


h 

TspG 


N*g)- 


^ -N^ - kgN*c^ (16) 


'^nrG 


k g 

where g runs over all of the modes that can couple to the guest emitter. We have equations similar 
to equation ([5]) for photons produced by the host in mode k and the guest in mode g, 


dPk fk Pk n 

= gkN^hPk + ^ - akPkN^ 




Tk 


^ = s,N!,P„ + Wjvi - h 

dt ^spG 


To 


Steady state for our photon rate equations gives us 

Pk 


fk 


(1 + OikTkNG) - — {gkPk H- )d^eh 


Tk 


' sp 


P 


^ = {9gPg + ^)K 


TspG 

Steady state for the two excited state rate equations gives us 
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eW 


I — P OikTk^c) - 1 - P^eh + I^P^eh + I^HG^^ekd^G 

^ Tk Tyir 


HMG^ehNc + Y/ 


akTk—N^ = Y — + 

Tk ^ Tq TyirG 


^ -N*g + kgN*g^ 


And finally, we can combine the last two equations to obtain 


7 

eW 


i = Y- + 

Tk Tfir 


— Neh + + Y^ 


Pn 


+ 


1 


TnrG 


N*g + kgN*g^ 


(17) 

(18) 

(19) 

( 20 ) 

( 21 ) 

( 22 ) 

(23) 


k ■" g 

So, we have current driving two systems each of which can be described by our previous analyses 
with attenuation in the host due to photon transfer, and with the guest driven by excited state 
transfer and re-absorption. Since the host can only be linear in light and not in the excited state 
population, linear output from the guest requires linear operation of both the guest and the host 
with re-absorption. A high fraction of linear output from the guest then implies a low finesse 
broadband cavity as well as a high capture rate for photons by the guest. Our previous reported 
observations of an OLED realized in a host guest system are interesting in this context. 
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III. CONCLUSIONS 

Our earlier model is extended in this report to treat multi-mode devices with isotropic emitters 
and with guest-host emitter systems. In this framework, OLED devices are characterized by the 
location of the emitter layer and competition between the intended output mode, other modes, 
and hrst and second order loss mechanisms. 

For a stimulated emission device with suppression of spontaneous emission in the vertical mode, 
the excited state population is constant and light output from that mode is linear in current. The 
amount of light lost to other modes is fixed along with other losses that depend on the excited 
state population. Thus we obtain asymptotic efficiency even in a relatively unconstrained mode 
space with an isotropic emitter. 

For a spontaneous emission device, light output is proportional to the excited state population. 
The efficiency equation has second order losses such as quenching or annihilation that increase with 
output and an overall efficiency coefficient that depends on the cavity enhancement factor and losses 
to competing modes and non-radiative relaxation. The efficiency coefficient can approach unity 
for a large enhancement factor and gtPk << fk/^sp in all modes. But losses to modes with gk ^ 0 
can increase with power and may even lock the vertical mode, if the device is not overwhelmed by 
second order losses first. 

In addition to informing device design, these considerations also provide some guidance for 
measurement. Losses into other modes may be significant and still escape notice for example, 
when a device is mounted on the end of a post and inserted into an integrating light sphere. 

In a host-guest system with output from the guest driven from the host excited state population 
or by re-absorbing photons from the host, we find that linear output from the guest implies energy 
transfer by re-absorbing photons from a linear host in a low hnesse cavity. 

Previously reported results demonstrating linear output and high efficiency in devices with the 
emitter located at the anti-node, appear to provide some preliminary support for the approach 
reported here, in which an OLED is modeled as an electroluminescent emitter in a cavity. 
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